Objectives: We investigated the ability of intraoperative neurophysiological monitoring to predict postoperative neurological recovery in intradural-extramedullary spinal cord tumors. Methods: From 2010 to 2014, we operated on 173 intradural-extramedullary spinal cord tumor patients with intraoperative neurophysiological monitoring. We retrospectively compared preoperative and postoperative clinical status using a modified McCormick grading scale and correlated with intraoperative neurophysiological monitoring. We followed patients for at least 1 year and correlated neurological outcomes with intraoperative changes in intraoperative neurophysiological monitoring. We then compared the degree of intraoperative neurophysiological monitoring change with the duration of the neurological deficit. Results: Monitorability was 92% and 57% with transcranial motor-evoked potential and somatosensory-evoked potential modalities, respectively. Waveform attenuation on transcranial motor-evoked potentials was detected in 8.17% of cases. For somatosensory-evoked potentials, waveform attenuation was detected in 7% of the patients. A multimodality approach incorporating any transcranial motor-evoked potential changes had a sensitivity of 0.91 and a specificity of 0.98. The McCormick grade scale increased until 1 month in patients with alarm criteria on transcranial motor-evoked potentials (Po0.05). Conclusions: Patients suffered neurological deterioration in case of abolishment or 450% irreversible attenuation of the waveform in transcranial motor-evoked potentials. All patients gradually recovered after 1 postoperative month with alarm criteria from 50% to 80% irreversible amplitude drop on transcranial motor-evoked potentials. 
INTRODUCTION
Neurosurgical excision of space-occupying lesions within or in the vicinity of the spinal cord poses significant risk to postoperative neurological outcomes. Significant neurological sequelae are infrequent, but potentially disastrous consequences can occur during such procedures. 1 To address this risk, application of intraoperative neurophysiological monitoring (IONM) via assessment of somatosensory-evoked potentials (SEPs), transcranial motor-evoked potentials (tcMEPs) and electromyography of relevant nerve root myotomes to detect impending neurological injury has gained acceptance during recent decades. 2, 3 Despite the significant advances in IONM techniques and applications, there are no data on the long-term outcomes and recovery in patients with alarm criteria corresponding to an aggravated postoperative neurological status. Accordingly, this study retrospectively analyzed the correlations between the alarm criteria in IONM and the duration of the neurological deterioration and recovery in patients who underwent intradural-extramedullary spinal cord tumor surgery. The aim of this study was to explore the ability of IONM to predict the postoperative neurological recovery.
MATERIALS AND METHODS Patients
A total of 173 consecutive patients (65 men, 108 women; mean age 49.1 years, range 14-81 years) who underwent intradural-extramedullary spinal cord tumor surgery with IONM at Asan Medical Center, Seoul, Korea from January 2010 to July 2014 were identified from a digital database. All operations were performed by a senior neurosurgeon (SCR) with IONM monitoring. We followed the patients for at least 1 year and correlated patient neurological outcomes with intraoperative changes in the IONM. We then compared the degree of IONM change with the duration of the neurological deficit. We also analyzed the degree of tumor resection, tumor pathology and tumor location. We excluded patients with recurrent tumors.
Neurological assessment
The neurological state of each patient was evaluated before surgery, immediately after surgery, at 1, 6 and 12 months later and then once per year thereafter. The clinical status was established according to a modified version of the McCormick grading scale, which is a functional scale designed to account for both motor and sensory functions (Table 1) . 4 As the McCormick grading scale is hard to differentiate between radiculopathy and myelopathy, in our study we classified patients with myelopathy.
Neurophysiological monitoring
Intraoperative SEPs. SEP stimulation was accomplished with square wave electrical pulses of 0.3-ms duration and a maximum intensity of 25 mA at a frequency of 5 Hz. Surface-stimulating electrodes were located over each median nerve at the wrist and over each posterior tibial nerve at the ankle. Evoked potentials were recorded in a referential manner from the C3 (right median nerve stimulation), C4 (left median nerve stimulation) and Cz (right and left tibial nerve stimulation) positions and from a reference electrode at FPZ (International 10-20 system).
Intraoperative tcMEPs. Multipulse transcranial electrical stimulation was carried out using a commercially applicable IONM electrical stimulator (Neuropack MEB-9200 K; Nihon Kohden Co., Tokyo, Japan). Ninemillimeter disc electrodes were fixed to the scalp with collodion 6 cm anterior to Cz and at C3 and C4 (International 10-20 system). Trains of either four or five pulses (individual stimulus duration, 50 ms) with interstimulus intermissions of 2, 3 or 4 ms were used, depending on which provided the best recording, with a period of at least 30 s between two consecutive trains. Stimulus intensity was gradually increased (50-V augmentations from 100 V to a maximum of 600 V) until tcMEP amplitudes were maximized above a minimum of 20 mV. If response amplitudes of at least 20 mV could not be obtained from either leg, tcMEPs monitoring was abandoned.
TcMEPs were recorded concurrently from the abductor pollicis brevis muscles of both arms and from the tibialis anterior and abductor hallucis muscles of both legs using a pair of non-insulated subcutaneous needle electrodes inserted 3 cm apart in each muscle. The time base was 100 ms, and the filter band pass was 20-5000 Hz, using restricted high-pass filters.
Electrophysiological monitoring
IONM was performed throughout surgery. Baseline readings were obtained before the skin incision and after opening of the lamina. Waveforms were evaluated for latency and peak-to-peak amplitude. Stimulation was alternated between SEPs and tcMEPs in a continuous order. SEPs amplitude reductions of 450% of baseline values and latency increases 410% were regarded as significant. During intravenous maintenance anesthesia, tcMEP amplitude diminutions 450% of baseline values were contemplated indicative of a significant change, providing that the levels of neuromuscular blockade and general anesthesia were unchanged. Compound muscle action potentials were recorded either before or after each tcMEP trial. The surgical team was immediately notified of any significant IONM changes.
Alarm criteria and corresponding surgical parameters
The neurological alarm criteria in tcMEPs were abolishment or 450% irreversible attenuation of the waveform, whereas in SEPs they were 450% amplitude attenuation and/or prolongation of latency 410% (Table 2) . 1 If any significant changes in tcMEPs and SEPs occurred, the surgical procedure was stopped temporarily. We then checked the mean blood pressure and increased the blood pressure to at least 60 mm Hg. In addition, we irrigated the surgical field using warm saline solution. We monitored tcMEP and SEP changes regularly, particularly during the following steps: (1) patient positioning, (2) laminectomy, (3) dura opening, (4) tumor resection, (5) dura closure, and (6) after laminar insertion. In addition, we performed tcMEPs whenever the surgeon checked for spinal cord injury.
Anesthesia management
The anesthetic protocol used during surgery contained a combination of two drugs, remifentanil (0.25 mg kg − 1 min − 1 ) and propofol (10 mg kg − 1 h − 1 ), with total intravenous anesthesia. A single bolus of a non-depolarizing short-acting muscle relaxant (rocuronium) was given at induction to ease tracheal intubation and ventilation. Induction was obtained with a continuous infusion of remifentanil at 0.10-0.20 mg kg − 1 min − 1 and maintained with 0.25-0.40 mg kg − 1 min − 1 . Target-controlled infusion was used for propofol with a plasma concentration for induction of 3-4 mg ml − 1 and maintenance with 4-5 mg ml − 1 . No muscle relaxants were used after induction and intubation. The level of neuromuscular block was monitored by recording the compound muscle action potentials to a train of four stimuli. Electrocardiogram, invasive blood pressure, pulse oximetry, end-tidal carbon dioxide concentration and temperature were monitored.
Statistical analysis
Patient data were analyzed to identify any statistical associations between tcMEPs/SEPs and postoperative outcomes, with consideration of age, gender, tumor pathology, tumor location and extent of tumor removal. The demographic characteristics of the two groups were compared using independent t-tests to compare mean values. The chi-square test was used to compare proportional data, and linear mixed-effect models were used to investigate the geographic prediction of recovery. SPSS 17.0 for windows (SPSS, Chicago, IL, USA) was used for data entry and analysis, and a P-value o0.05 was considered statistically significant.
RESULTS

Pathology, tumor location and removal
Surgeries were performed for resection of schwannomas in 133 patients (76.8%), meningiomas in 31 (18%) and ependymomas in 9 (5.2%). Tumor locations were cervical in 48 patients (27.7%), thoracic in 45 (26%), thoracolumbar in 12 (6.9%), lumbar in 65 (37.5%) and sacral in 3 (1.9%). Gross total resection was performed in 154 patients (89%). There were no statistically significant correlations between IONM and the degree of tumor resection, tumor location and tumor pathology.
Monitorability
Monitorability was 92% and 57% with tcMEP and SEP modalities, respectively. tcMEPs were monitorable in 159 patients and SEPs were performed in 99 cases. Waveform attenuation on tcMEPs was detected in 8.17% of patients. There were 10 true-positive outcomes (Table 3) . For SEPs, waveform attenuation was detected in 7% of cases. However, there were no true-positive results. Only one was falsenegative result with tcMEP/SEP monitoring. The patient who was diagnosed with L1 meningioma had no changes on tcMEP/SEP monitoring. After surgery, myelopathy occurred and required cane for ambulation. Symptoms recovered after 1 postoperative month. A multimodality approach incorporating any change in tcMEPs had a sensitivity of 0.71 and a specificity of 0.98 (Table 4) .
Neurophysiological criteria and postoperative clinical correlations
When the amplitude of the tcMEPs and SEPs increased, the McCormick grade scale improved or was unchanged in the immediate postoperative period compared with the preoperative condition. However, this difference was not statistically significant (P40.05). Most reports of tcMEP monitoring during surgery use the amplitude drop, usually from 50% to 80% of the baseline, as the primary warning criterion. 5-9 Therefore, we compared patients with an amplitude that was 50%, 80% of the baseline values and yes/no warning criteria. There were no statistically significant differences in neurological deficits between patients with those different alarm criteria. We then set the tcMEP warnings as 450% irreversible attenuation of the waveform (Figure 1) . We divided the patients into two groups-tcMEPs and SEPs-to analyze the neurological recovery period after the operation in IONM alarm criteria patients and analyzed the correlation between intraoperative tcMEP/SEP warnings and the postoperative neurological outcome (Table 5) . We used a linear mixed-effect model to investigate the geographic prediction of recovery. The McCormick grade scale of SEPs and tcMEPs showed recovery, as predicted by linear mixed-effect modeling, but this result was not statistically significant (P40.05).
Of the 159 patients in our current series who underwent tcMEPs, 10 (6.2%) showed alarm criteria and neurological deterioration (Table 3) . In these patients, the postoperative McCormick grade scale increase was statistically significant until 1 month (Po0.05; Figure 2 ).
However, aspects of recovery after 1 month were different. In two cases of 480% irreversible attenuation of waverform in tcMEPs, the McCormick grade scale did not recover until 1 year. However, the McCormick grade scale subsequently gradually decreased in follow-up in cases of 50-80% irreversible amplitude drop. However, there were no correlations between SEP warnings and clinical outcome (P40.05).
Representative case
A 67-year-old female patient presented at the Asan Medical Center outpatient clinic with right leg pain and bladder dysfunction (Table 3 , patient 9). Her neurological examination was otherwise unremarkable. Magnetic resonance imaging of the spinal cord showed a 3.6-cm long peripheral enhanced cystic mass of the cauda equina at the L3-4 level (Figure 3c ). The patient underwent tumor resection. Although SEPs were stable, tcMEPs deteriorated during tumor resection (Figures 3a  and b) , leading to the operation being temporarily stopped for correction of blood pressure and body temperature and for warm saline irrigation. However, tcMEP of the left abductor pollicis muscle decreased, with 72% irreversible attenuation of the waveform (Figure 3b ). Immediate postoperative neurological examination revealed mild motor weakness (grade 4) and was associated with severe left leg pain.
Postoperative MRI confirmed gross total removal of the tumor (Figure 3d ), which was diagnosed as schwannoma on histopathological examination. The patient's postoperative neurological status did not change, and she was discharged on postoperative day 7. Follow-up examination at postoperative month 1 showed a decrease in pain and resolution of motor weakness (grade 5). During visits at postoperative months 6 and 12, the patient required minimal narcotic pain medication and could fully ambulate independently. help identify neural injury at initial reversible stages and, when addressed appropriately, may spare untoward deficits. 1 The first formal historically controlled report presenting an improvement in neural outcome due to IONM-monitored intramedullary spinal cord tumor removal described a mean 0.28 increase in the McCormick functional grade, in contrast to a mean 0.16 decrease among unmonitored patients. 10 Furthermore, the intraoperative recovery of tcMEPs can indicate a postoperative improvement in motor function. 11 However, once neurological deterioration occurs, it lasts for several months, and the neurological handicap represents a significant burden.
In some contexts, the integration of intraoperative monitoring in spinal surgery has been shown to help enhance the assessment of neural integrity and to guide intraoperative decision-making by predicting neurological outcomes, enabling the relevant preventive measures to be taken. 12 Furthermore, some studies have shown that IONM predicts postoperative clinical prognosis. In one such study conducted in patients with compression of the spinal cord or cauda equina that resulted in low or absent tcMEPs at the start of surgery, an increase in potentials after surgical decompression could predict clinical function recovery. 11 Therefore, IONM should not only focus on decreases in motor potentials but also consider the recovery of tcMEPs of muscle groups that are unresponsive before surgery. 11 An earlier case report has described the intraoperative recovery of tcMEPs together with an improvement in neurological function after surgical decompression. 13 In our experience, when the intraoperative amplitudes of tcMEPs and SEPs are increased, the McCormick grade scales improved or were unchanged in the immediate postoperative period compared with the preoperative condition. However, this difference was not statistically significant (P40.05).
The basic mechanism of muscle tcMEPs generation is temporal and involves spatial summation of lower motor neuron excitatory postsynaptic potentials. 14 Motor units exhibit on-off behavior: excitatory postsynaptic potential summation reaching or exceeding the firing threshold produces a full response, whereas anything less produces no response. 15 Muscle tcMEPs show more graduated modulation as individual units add to or drop out of the compound potential. Nevertheless, being built from motor units, they are still non-linear, so that a disproportionately large reduction can follow a small decrease in corticospinal drive or lower motor neuron excitability. 15, 16 This high sensitivity makes muscle tcMEP deterioration an imperfect predictor of motor deficit severity or permanence. On the other hand, tcMEP preservation provides good evidence for central motor pathway integrity. This physiology explains the postoperative improvement in motor function when intraoperative recovery of the tcMEPs is detected. 17 Our current study is the first to predict the neurological recovery period from IONM findings after a intradural-extramedullary spinal cord tumor operation. Our results suggest that IONM is not only useful to decrease the incidence of postoperative neurological worsening but also to predict the neurological recovery.
According to our present findings, patients with alarm criteria on their tcMEP neurological status showed postoperative deterioration for 1 month. However, in cases of 50-80% irreversible attenuation of waveform in tcMEPs gradually recovered 1 month later. We investigated the mechanisms of clinical recovery after tcMEP decrease. TcMEP amplitudes seem to allow an objective assessment of the severity of corticospinal damage and thus enable a prediction of the recovery of function mediated by the corticospinal tracts. We can interpret the amplitude drop of tcMEPs during spinal cord operations as spinal cord injury. The patients in our present study with intradural-extramedullary tumors did not undergo myelotomy; hence, we can interpret the decrease in tcMEPs as a transient corticospinal tract injury. The cause of the transient spinal cord injury may be an intraoperative contusion or manipulation, as well as edema or hemodynamic change. Nerve root injury can be excluded by using free-running electromyography. These transient spinal cord injuries recover over time. A gradual strengthening of synaptic interconnections between distant spinal segments during several months after spinal cord injury has been described. 18 Some fiber remyelination of damaged spinal tract fibers could also be responsible. 19 Neurological recovery takes o3 months after incomplete spinal cord injury with spine trauma. 20 Independent of clinical measures, clinical outcomes and walking function after a spinal cord injury can be predicted by the assessment of tcMEPs. 21 This study had some limitations of note. First, IONM is helpful for intradural-extramedullary spinal cord tumors but with a lower sensitivity than for intradural-intramedullary spinal cord tumors. A second factor was the small number of patients with alarm criteria indicating neurological deterioration. Although greater numbers of patients need to be evaluated in the future to derive statistically meaningful conclusions, our study is the first to have been conducted in this area.
CONCLUSION
Our present study provides the first information on the prediction of neurological recovery when there is a tcMEP decrease during intradural-extramedullary spinal cord surgery. IONM is feasible and useful in the context of intradural-extramedullary spinal cord surgery for identifying iatrogenic injury to the spinal cord and predicting patient prognosis. Patients suffered neurological deterioration in case of abolishment or 450% irreversible attenuation of the waveform in tcMEPs. All patients gradually recovered after 1 postoperative month with alarm criteria from 50% to 80% irreversible amplitude drop on tcMEPs. We suggest that an amplitude drop of 480% should be prevented, whereas a drop between 50% and 80% may still be associated with postoperative neurological recovery. Although this description of a cohort of intradural-extramedullary spinal cord surgery may show that neurophysiological and clinical recovery over time are related, the underlying mechanisms of this remain unknown.
Further analysis must be aimed at understanding the restorative mechanisms in the human T spinal cord.
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